The effect of steric bulk on electron delocalization in 4-arylpyridines has been studied by computational methods. Ab initio (HF, UHF, ROHF, MP2, UMP2, and ROMP2) as well as density functional theory (USVWN and UB-LYP) approaches were applied to a series of molecules and their corresponding anions. These molecules are put forth as models for the ground and MLCT excited states of three polypyridyl ligands that were the subject of a recent report on the effects of sterics and delocalization on the photophysics of several Ru II complexes (Damrauer, et al. J. Am. Chem. Soc. 1997, 119, 8253). The present study finds that, in the series 4-phenylpyridine, 4-(o-tolyl)pyridine, and 4-(2,6-dimethylphenyl)pyridine, the steric effect of the ortho-methyl groups serves to increase the dihedral angle between the pyridyl and phenyl rings of the neutral compounds from ca. 45°in the case of 4-phenylpyridine to ca. 65°and 90°in the mono-and dimethylated compounds, respectively. These results are generally consistent with the single-crystal X-ray structures of the three corresponding bipyridines, also reported herein. Upon one-electron reduction, calculations on all three model ligands reveal a preference for a coplanar structure, with the optimized geometries reflecting a balance between an energetic stabilization gained via conjugation in the planar form and unfavorable steric interactions between the methyl group(s) of the 4-aryl substituent and the pyridyl protons ortho to the central C-C bond. Calculated dihedral angles were 0°, ∼25°, and ∼45°for 4-phenyl-, 4-(o-tolyl)-, and 4-(2,6-dimethyl)pyridine, respectively. Finally, a simulation of the Franck-Condon state evolution of MLCT states of molecules containing the bipyridyl analogues of the three models was carried out by computing singlepoint energies of each compound as its monoanion in the optimized neutral geometry. Comparison of these energies with those of the fully optimized anions revealed effective reorganization energies of 4-7 kcal/mol for 4-phenylpyridine, 4-7 kcal/mol for 4-(o-tolyl)pyridine, and ca. 6 kcal/mol for 4-(2,6-dimethylphenyl)-pyridine. The implications of these results as they pertain to ultrafast spectroscopic studies of MLCT excitedstate evolution in the corresponding Ru II bipyridyl complexes are discussed.
Introduction
Metal complexes that exhibit metal-to-ligand charge transfer (MLCT) transitions represent an important class of molecules in the inorganic photophysical and photochemical communities. 1 In addition to fundamental studies of electronic structure, such metal complexes can serve as templates for electron injection into proteins for the study of biological electron-transfer dynamics 2 as well as chromophores in molecular and semiconductor assemblies for solar energy conversion. 3 For the general case of a metal-ligand (M-L) chromophore, excitation in the region of a MLCT absorption results in formal oxidation of the metal center and reduction of the ligand (eq 1).
Typically, the electron is transferred from what is nominally a metal-based d orbital to an antibonding (π*) orbital of the ligand. As a result, the electronic structure of the ligand(s) plays a crucial role in establishing the photophysical properties of the molecule as a whole.
Traditionally, research efforts geared toward tuning excitedstate properties of metal complexes have focused on the manipulation of the energetics of the lowest energy MLCT excited states. Such changes can be achieved quite easily through synthetic modifications of the ligands that influence either the basicity of the ligand or the energetics of the acceptor orbitals. 4 For a large class of polypyridyl complexes of Ru II , Os II , and Re I , the mechanism by which MLCT excited states are influenced by such energetics is described by the energy gap law. 5 This model, which closely resembles the multiphonon nonadiabatic descriptions of electron-transfer developed by Bixon, Jortner, and others, 6 describes a nonradiative transition in terms of a coupling of vibronic states on an initial potential energy surface to isoenergetic levels of the final state. Thus, ligand energetics affect MLCT excited-state properties by influencing the degree of vibronic coupling between the excitedand ground-state surfaces. We have recently published a study 7 where MLCT excited-state properties of a series of 4,4′-arylsubstituted bipyridine complexes of ruthenium were tuned via a second mechanism also described by the energy gap law but less frequently discussed in the literature. In this mechanism, the degree of nonradiative coupling is modulated through changes in the relative displacement of excited-and groundstate potential energy surfaces along a nuclear coordinate relevant for nonradiative decay. We have shown that rates of radiative and nonradiative relaxation are strongly dependent on the degree to which a transferred electron can delocalize within the π system of an acceptor ligand, a property that we refer to as intraligand delocalization. 
This paper presents a theoretical treatment of steric effects on ligand geometry: specifically, how these effects influence the degree of electron delocalization within the ligand. Ab initio calculations (HF and MP2) were undertaken in the study of neutral aryl-pyridines as models for ground-state ligand structure, while ab initio (UHF, UMP2, ROHF, and ROMP2) and density functional calculations (UB-LYP and USVWN) were used to study reduced aryl-pyridines as models for MLCT excited states. In addition, we report X-ray crystal structures for the neutral ligands used in the previously mentioned study (4,4′-diphenyl-2,2′-bipyridine, 4,4′-di-o-tolyl-2,2′-bipyridine, and 4,4′-dimesityl-2,2′-bipyridine) and compare these solid-state structures with their calculational models. Finally, we consider the energetic and structural driving forces within the ligand associated with the evolution of the MLCT Franck-Condon state to its vibronically relaxed configuration. These observations are discussed with regard to ultrafast studies of excitedstate evolution and the prospects of time-resolving delocalization effects in these types of complexes.
Experimental Section
Calculations of Neutral Species. Ab initio calculations were carried out using the Gaussian 92 suite of programs 8 for 4-phenylpyridine and the Gaussian 94 suite of programs 9 for 4-(o-tolyl)pyridine and 4-(2,6-dimethylphenyl)pyridine. For the three molecules, ground-state geometries were optimized and energies calculated using restricted Hartree-Fock (RHF) methods employing 3-21G(d) and 6-31G(d) basis sets as well as second-order perturbation theory (MP2) 10 employing the 6-31G-(d) basis set. In addition, using the above methods and basis sets, the geometries and energies of the torsional (inter-ring torsion angle θ) transition states were calculated. Twist angles are measured between two carbon atoms adjacent to the central 4,7 carbon-carbon bond, i.e., for 4-phenylpyridine, For each RHF stationary point, the analytic Hessian was calculated and diagonalized to determine if the structures are stationary minima or transition states. Stationary minima showed only positive definite vibrational modes, while transition states showed one vibrational mode with an imaginary frequency. In the case of the torsional transition state of 4-(2,6-dimethylphenyl)pyridine, two imaginary frequencies were seen, which is discussed further in the Results and Discussion section. Details of calculations specific to each molecule are described below.
The molecular geometry of 4-phenylpyridine was fully optimized with RHF as well as MP2 methods. The only geometric constraint was that the molecule was forced to maintain C 2 symmetry. In addition, the energies and geometries of the two torsional transition states corresponding to coplanar ring systems (C 2V , θ ) 0°) and perpendicular ring systems (C 2V , θ ) 90°) were calculated with RHF and MP2 methods. For these transition-state calculations, only the dihedral angle was restrained, while all other geometrical properties were allowed to fully optimize.
The molecular geometry of 4-(o-tolyl)pyridine was fully optimized with RHF and MP2 methods with no constraints on the geometry, i.e., C 1 symmetry. For the RHF/3-21G(d) calculation, the lowest energy structure is one in which θ ) 90°, and consequently, there is only one calculated torsional transition state through θ ) 0°. This structure was fully optimized within the imposed C s symmetry. For RHF/6-31G-(d) and MP2/6-31G(d) calculations, the optimized structure is one in which the dihedral angle θ lies between 0°and 90°, and thus, there are two torsional transition states corresponding to coplanar ring systems (C s , θ ) 0°) and perpendicular ring systems (C s , θ ) 90°). These transition states were fully optimized with constraints only on the central dihedral angle. For all transition states, the rotational orientation of the methyl group hydrogen atoms was optimized within the imposed C s symmetry.
The molecular geometry of 4-(2,6-dimethylphenyl)pyridine was fully optimized with RHF and MP2 methods. The only geometric constraint was that the molecule was forced to maintain C 2 symmetry. The lowest energy structure for each method is one in which θ ) 90°. The energy and geometry of the θ ) 0°transition state (C 2V ) was calculated for each of the method/basis-set combinations with the rotational orientation of the methyl group hydrogens being optimized within the imposed C 2V geometry.
Calculations of Anionic Species. Using the Gaussian 94 suite of programs, 9 the energies and geometries of [4-phenylpyridine] -, [4-(o-tolyl)pyridine] -, and [4-(2,6-dimethylphenyl)-pyridine] -were calculated and optimized with Hartree-Fock, density functional theory (DFT), and in some cases secondorder perturbation theory (MP2) methods. The Hartree-Fock calculations included unrestricted Hartree-Fock (UHF) as well as restricted open-shell Hartree-Fock (ROHF). The unrestricted DFT calculations were done with two variations, S-VWN and B-LYP. The first of these combines the Slater exchange functional (S) with the local spin density functional of Vosko, Wilk, and Nusair (VWN). 11 The second of these combines the gradient-corrected Becke exchange (B) with the nonlocal spin density functional of Lee, Yang, and Parr (LYP). 12 The 3-21G-(d), 3-21+G(d), 6-31G(d), and 6-31+G(d) basis sets were used for all methods and molecules. Geometry optimizations of [4-phenylpyridine] -and [4-(2,6-dimethylphenyl)pyridine] -were done within the constraints of C 2 symmetry with no other restrictions on the molecular geometry. Geometry optimizations of [4-(o-tolyl) pyridine] -were done with no symmetry constraints. For all stationary points found with UHF methods, excluding the UHF/6-31+G(d) calculations of [4-(o-tolyl)-pyridine] -and [4-(2,6-dimethylphenyl)pyridine] -, the analytic Hessian was calculated and diagonalized. These calculations showed only positive definite modes, indicating that these structures are indeed stationary minima. The analytic Hessian was not calculated and diagonalized for all methods because of the computational cost but does not appear to be necessary.
The energy of Franck-Condon-state relaxation (∆E θ ) was estimated for the three molecular anions using the abovementioned basis-sets and open-shell methods. In addition, restricted open-shell MP2 (ROMP2) methods were applied, especially in the case of [4-(2,6-dimethylphenyl)pyridine] -. The energy of relaxation (∆E θ ) was determined as the difference in energy between the reduced ligand fixed in the geometry of the neutral (the Franck-Condon state) and the reduced ligand fixed in a fully relaxed geometry. The frozen molecular geometry used to calculate the Franck-Condon state for these anions was taken from the MP2/6-31G(d) ground-state optimized geometries of the corresponding neutrals. The molecular geometry used to describe the fully relaxed species was also frozen. For each of the anions, this geometry was determined with UMP2/6-31G(d) methods and corresponds to the lowest energy structure.
X-ray Structure Determinations. Single-crystal X-ray structure determinations of 4,4′-diphenyl-2,2′-bipyridine (dpb), 4,4′-di-o-tolyl-2,2′-bipyridine (dotb), and 4,4′-di-mesityl-2,2′-bipyridine (dmesb) were carried out in the CHEXRAY facility of the University of California, Berkeley. All measurements were made on a Siemens SMART diffractometer with graphite monochromated Mo KR radiation. All calculations were performed with the teXsan crystallographic software package of the Molecular Structure Corporation. 13 (a) 4,4′-Diphenyl-2,2′-bipyridine (dpb). Colorless crystals of 4,4′-diphenyl-2,2′-bipyridine were obtained by pentane diffusion into an ethanol solution. One crystal having approximate dimensions of 0.20 × 0.25 × 0.12 mm was mounted on a glass fiber with Paratone N hydrocarbon oil. Crystallographic data are summarized in Table 1 . Cell constants and an orientation matrix obtained from a least-squares refinement using the measured positions of 2632 reflections with I > 10σ in the range 3.00°< 2θ < 45.00°corresponded to a primitive monoclinic cell. The systematic absences of h0l (h * 2n) and 0k0 (k * 2n) uniquely determined the space group to be P2 1 /a (#14). Data were integrated to a maximum 2θ value of 51.9°. The data were corrected for Lorentz and polarization effects. A secondary extinction correction was also applied. No decay correction or absorption correction was applied. The 3689 integrated and corrected reflections were averaged to yield 1443 unique data (R int ) 0.027). The structure was solved by direct methods and expanded using Fourier techniques. All non-hydrogen atoms were refined anisotropically. Hydrogen atoms were included at calculated positions but not refined. The final cycle of fullmatrix least-squares refinement was based on 1032 observed reflections (I > 3.00σ(I)) and 142 variable parameters and converged with unweighted and weighted agreement factors of R ) 0.036 and R w ) 0.045, respectively. The weighting scheme was based on counting statistics and included a factor (p ) 0.003) to downweight the intense reflections. The maximum and minimum peaks on the final difference Fourier map corresponded to 0.20 and -0.14 e -/Å 3 , respectively.
(b) 4,4′-Di-o-tolyl-2,2′-bipyridine (dotb). Colorless crystals of 4,4′-di-o-tolyl-2,2′-bipyridine were obtained by slow evaporation of a tetrahydrofuran solution. One crystal having approximate dimensions of 0.55 × 0.21 × 0.15 mm was mounted on a glass fiber with Paratone N hydrocarbon oil. Crystallographic data are summarized in Table 1 . Cell constants and an orientation matrix obtained from a least-squares refinement using the measured positions of 3205 reflections with I > 10σ in the range 3.00°< 2θ < 45.00°corresponded to a primitive monoclinic cell. The systematic absences of h0l (l * 2n) and 0k0 (k * 2n) uniquely determined the space group to be P2 1 /c (#14). Data were integrated to a maximum 2θ value of 52.2°. The data were corrected for Lorentz and polarization effects. No decay or empirical absorption corrections were applied. The 3838 integrated and corrected reflections were averaged to yield 1582 unique data (R int ) 0.019). The structure was solved by direct methods and expanded using Fourier techniques. All nonhydrogen atoms were refined anisotropically. Hydrogen atoms were included at calculated positions but not refined. The final cycle of full-matrix least-squares refinement was based on 1300 observed reflections (I > 3.00σ(I)) and 118 variable parameters and converged with unweighted and weighted agreement factors of R ) 0.034 and R w ) 0.045, respectively. The weighting scheme was based on counting statistics and included a factor (p ) 0.003) to downweight the intense reflections. The maximum and minimum peaks on the final difference Fourier map corresponded to 0.17 and -0.19 e -/Å 3 , respectively.
(c) 4,4′-Di-mesityl-2,2′-bipyridine (dmesb). Colorless crystals of 4,4′-di-mesityl-2,2′-bipyridine were obtained by slow evaporation of a tetrahydrofuran solution. One crystal having the approximate dimensions of 0.50 × 0.45 × 0.45 mm was mounted on a glass fiber with Paratone N hydrocarbon oil. Crystallographic data are summarized in Table 1 . Cell constants and an orientation matrix obtained from a least-squares refinement using the measured positions of 4238 reflections with I > 10σ in the range 3.00°< 2θ < 45.00°corresponded to a primitive monoclinic cell. The systematic absences of h0l (h + l * 2n) and 0k0 (k * 2n) uniquely determined the space group to be P2 1 /n (#14). Data were integrated to a maximum 2θ value of 51.9°. The data were corrected for Lorentz and polarization effects. No decay or empirical absorption corrections were applied. The 5482 integrated and corrected reflections were averaged to yield 2141 unique data (R int ) 0.032). The structure was solved by direct methods and expanded by using Fourier techniques. All non-hydrogen atoms were refined anisotropically. Hydrogen atoms were included at calculated positions but not refined. The final cycle of full-matrix leastsquares refinement was based on 1651 observed reflections (I > 3.00σ(I)) and 192 variable parameters and converged with unweighted and weighted agreement factors of R ) 0.041 and R w ) 0.058, respectively. The weighting scheme was based on counting statistics and included a factor (p ) 0.030) to downweight the intense reflections. The maximum and minimum peaks on the final difference Fourier map corresponded to 0.24 and -0.17 e -/Å 3 , respectively. Based on a model that places the 4 and 4′ phenyl rings of dpb coplanar with the bipyridyl fragment in the ligand's photoreduced state, the dpb series is meant to offer a stepwise decrease (from dpb to dmb) in the amount of ligand-based delocalization that is energetically allowed in the 3 MLCT excited state. That is, by introducing steric bulk, we are turning off the mechanism by which a reduced ligand (L -in the excited state) can achieve planarity between the aryl substituents and the pyridine rings, a process necessary for extended delocalization of the electron in the π* system. Experimentally, we observed trends in photophysical data across the dpb series consistent with this model. For example, radiative quantum yields undergo a stepwise decrease:
Results and
A similar decrease is seen in the intensity of the low-energy 3 MLCT transient π*rπ* ligand-based absorption, consistent with delocalization, wherein
It is well established in the literature that poly-aryl compounds such as biphenyl have nonplanar neutral geometries in the gas phase and in solution, while their reduced forms are planar and fully delocalized. For example, in the gas phase, the dihedral angle θ between the two rings of biphenyl is ∼ 44°for the neutral compound and 0°for the reduced form. 16 A similar trend appears to hold true for the phenyl-pyridyl moieties within the dpb ligand. In the aforementioned paper, we reported the X-ray crystal structure of a metal complex containing the dpb ligand, namely, [Ru(dmb) 2 (dpb)](PF 6 ) 2 . In this groundstate structure, the phenyl substituents lie canted with respect to the bipyridine (θ ) 28°( 1°). Initial ab initio calculations of 4-phenylpyridine, which serves as a model for ground-state ligand geometry, suggested that this angle θ is on the order of 45°in the gas phase. The origin of this 90°> θ > 0°twist angle appears to be an energetic compromise between a planar delocalized ground state and steric repulsions between protons ortho to the phenyl-pyridyl bond.
While numerous pieces of spectroscopic data suggest a planar delocalized (dpb) -in the 3 MLCT excited state of [Ru(dpb) 3 ] 2+ , we have no structural evidence (X-ray or NMR) to support this.
In addition, packing forces in crystals used for X-ray structural determination can influence the overall ligand geometry; this is especially true when potential surfaces are soft, as they are known to be with regard to phenyl-phenyl and phenyl-pyridyl twist angles. Therefore, we turned to a theoretical treatment of ligand structure in order to gain more insight into the effect of sterics and ligand geometry on intraligand electron delocalization. Ab initio and density functional theory calculations of model ligand geometries provide a means of estimating groundstate ligand twist angles as well as the degree of planarity/ delocalization in the reduced-ligand excited states of these metal complexes. In addition, we can use aspects of these calculations to estimate the thermodynamic driving force associated with relaxation from a canted Franck-Condon state to a more coplanar thermalized excited state in anticipation of ultrafast studies of excited-state evolution in the parent metal complexes (vide infra).
In our computational treatment, we have studied isolated model ligands rather than the full [Ru(L) 3 ] 2+ metal complexes. This involves some significant approximations. The first is that, although the metal perturbs the overall electronic structure of the ligand, we suggest that metal-ligand interactions in the ground state are not significantly different than those in the excited state. The majority of the M-L interaction (i.e., the Ru-N bonds) in the ground and excited state is σ in nature, whereas we are primarily interested in intraligand delocalization as it pertains to the π system of the ligand. The second approximation concerns the size of the ligand itself. Rather than computationally treating aryl-substituted bipyridines, we have used 4-arylpyridines to model the ground-state ligand geometries and reduced 4-arylpyridines to describe MLCT excited-state ligand geometries. The model ligands used in this study are shown below next to the corresponding metalcomplex ligands.
Thus, the ligand dpb is modeled by 4-phenylpyridine, dotb by 4-(o-tolyl)pyridine, and dmesb by 4-(2,6-dimethylphenyl)-pyridine. We believe that in these smaller systems, the arylpyridine π interactions should be indicative of those taking place in the actual ligands. Finally, we must discuss the theoretical treatment of the MLCT process itself. In the ground state of these metal complexes, Ru-N interactions that are π in nature are generally discussed in the context of π-back-bonding from metal d(π) orbitals into the π* system of the ligand. To the extent this takes place, it may be most appropriate to treat ground-state ligands as having partially reduced π* systems. Ignoring crystal packing forces, this is one possible explanation for the θ ) 28°(i.e., <45°) twist angles seen in the structure of [Ru(dmb) 2 (dpb)](PF 6 ) 2 (vide supra). The same can be said of ligand-metal π interactions in the 3 MLCT excited state. In our computational model, a unit electron is used to reduce the ligand, again implying isolation from the metal. While this is not an exact theoretical treatment, it nonetheless brackets the actual π interactions taking place in the metal complexes. These approximations afford us a more computationally feasible problem, one in which we can use extensive basis sets to create the relevant ligand molecular orbitals.
II. Ground-State Neutral Calculations: Establishment of Twist Angle θ and Barriers to Rotation. As was alluded to above, considerable effort has been spent on the theoretical and experimental treatment of biphenyl. Recent work by Karpfen et al. predicts a twist angle (θ) between the two ring systems of 46°using MP2 methods. 17a Also recently, Rubio et al. have published a CASSCF/DZP study of neutral biphenyl where they report the twist angle (θ) between the two ring systems of the biphenyl to be 44.34°. 18 This result is in relatively close agreement with an earlier theoretical treatment by Tsuzuki et al., who report θ ) 46.26°using Hartree-Fock theory and a 6-31G(p,d) basis set. 19 Electron diffraction techniques were used by Almenningen et al. to determine the gas-phase structure of biphenyl and suggest a twist angle of 44.4°, 16 in good agreement with the calculations. We have used restricted Hartree-Fock methods and second-order perturbation theory to determine geometries of the aforementioned model ligands in order to ascertain how the twist angle θ changes as steric bulk is introduced at ortho positions of the aryl group. This angle reflects how the degree of ground-state aryl-pyridyl delocalization changes with added hindrances to planarity. Table 2 lists energetic and structural properties for neutral 4-phenylpyridine. For the three method/basis-set combinations used, the lowest energy structure is twisted. The geometry optimization with the smallest basis set (RHF/3-21G(d)) may have overestimated the twist angle at θ ) 50.1°; however, both calculations with the 6-31G(d) basis set are in close agreement with each other (θ ) 44.3°, 44.6°). We note the similarity between the calculated twist angle(s) of 4-phenylpyridine and those discussed above for biphenyl. Frequency calculations show that there are zero imaginary frequencies for the canted 4-phenylpyridine structures, indicating that these are indeed stationary minima. By symmetry, the coplanar (θ ) 0°) and the perpendicular (θ ) 90°) structures are rotational transition states. This is confirmed with frequency calculations where the number of imaginary frequencies for these geometries is one. The energetic cost of going through these states is given by ∆E 0°a nd ∆E 90°, respectively. At θ ) 90°unfavorable steric interactions are at a minimum, and any stabilization due to delocalization is turned off due to orthogonality of the phenyl and pyridyl π systems. At θ ) 0°the opposite is true, and the stabilization due to delocalization is at a maximum, as is destabilization due to steric interactions. It should be noted that the minimum structure on this potential energy surface is determined by a convolution of energetically stabilizing delocalization (manifested as a negative contribution to the calculated energy) and energetically destabilizing sterics (positive contribution). It is therefore difficult to assign absolute energetic contributions at the two rotational transition states since the overall energy reflects a sum of these two opposing terms. We can, however, view the calculated values as effective lower limits at each transition state. Thus, the component of ∆E 0°d ue to sterics is >3.31 kcal/mol (MP2/6-31G(d)) since in the absence of steric interactions the favorable delocalization term would have afforded a more negative value. Similarly, the component of ∆E 90°d ue to loss of delocalization is >1.80 kcal/ mol (MP2/6-31G(d)).
Upon introduction of a methyl group at the ortho position of the phenyl substituent, structural and energetic changes take place which are evident in Table 3 . With the smallest basis set used, the geometry of 4-(o-tolyl)pyridine converges at θ ) 90°w ith zero imaginary frequencies. However, using a larger basis set, the 90°structure becomes a rotational transition state and the lowest energy structure is canted. RHF/6-31G(d) methods predict the twist angle to be θ ) 66.5°(average), and MP2/ 6-31G(d) methods predict this angle to be θ ) 59.6°(average). As expected, introduction of steric bulk serves to increase the angle between the two ring systems. An average dihedral angle is reported here since this molecule does not have C 2 symmetry. In all cases, the rotation of the methyl group is optimized and any transition states associated with this motion are not considered. The small values calculated for ∆E 90°s uggest a 
b θ refers to the twist angle between the aryl and pyridyl rings. c C-C refers to the carboncarbon bond distance between the aryl and pyridyl rings. d ∆E refers to the energetic cost of achieving the transition-state structure from the optimized structure. 
a NIMAG ) number of imaginary frequencies. b θ refers to the twist angle between the aryl and pyridyl rings. c C-C refers to the carboncarbon bond distance between the aryl and pyridyl rings. d ∆E refers to the energetic cost of achieving the transition-state structure from the optimized structure. soft potential energy surface through the θ ) 90°transition state; this is supported in the frequency calculation where ν imaginary ) 25i cm -1 (RHF/6-31G(d)). As expected, there is a larger barrier through the θ ) 0°transition state for 4-(o-tolyl)pyridine than is seen for 4-phenylpyridine. Again, regarding absolute energetic contributions, we can say that for the ∆E 0°b arrier there is a greater than 8.98 kcal/mol (MP2(6-31G(d)) contribution due to sterics. Table 4 lists the structural and energetic properties of 4-(2,6-dimethylphenyl)pyridine. For this model ligand, steric bulk is greatest within the series; this is reflected in the calculated geometry of the lowest energy structure. For all methods, the twist angle optimizes to θ ) 90°and the frequency calculations applied to the RHF structures indicate zero imaginary frequencies. Due to computational costs, frequency calculations were not attempted with MP2 methods. In accordance with the increase in steric bulk, the barrier through the θ ) 0°transition state has also increased relative to the previous two model ligands. We note the more than 2-fold increase in ∆E 0°f or this dimethyl-substituted ligand relative to the monomethyl case. This is reasonable as C 2 symmetry is maintained for 4-(2,6-dimethylphenyl)pyridine and the molecule cannot bend along the 4,7 bond (within the plane of the θ ) 0°transition state) to reduce steric repulsions. 20 Again, since delocalization in the θ ) 0°state is energetically stabilizing, we can say that the energetic contributions to ∆E 0°d ue to sterics alone are greater than 20.7 kcal/mol (MP2/6-31G(d)). Frequency calculations of RHF optimized structures with θ ) 0°indicate two imaginary frequencies for the two basis sets used. In both cases, there is a higher energy imaginary frequency (ν imaginary ) 148i and 144i cm -1 for RHF/3-21G(d) and RHF/6-31G(d), respectively) and a lower energy one (ν imaginary ) 30i and 27i cm -1 , RHF/3-21G-(d) and RHF/6-31G(d), respectively). The higher energy mode corresponds to the expected breaking of the coplanar state as the aryl group rotates with respect to the pyridine ring while the molecule maintains a C 2 axis. The lower energy mode corresponds to a puckering of the two methyl groups out of the plane of the molecule, resulting in loss of the C 2 symmetry while maintaining C s symmetry. 21 Karpfen et al. have recently addressed the importance of using post-Hartree-Fock methods for correctly describing internal rotational barriers in systems where partial conjugation of a single bond changes through a rotational process. 17 Of particular interest to us is their consideration of biphenyl. This paper sites the earlier work of Head-Gordon and Pople on substituted ethylenes and benzenes 22 which suggests that it is necessary to include treatment of electron correlation to correctly describe the partial bond-breaking process associated with internal rotation in conjugated molecules. Karpfen et al. have compared the success of several methods which treat electron correlation including MP2 and several DFT functionals. They observe significant differences in the predicted barrier heights (through the 0°and 90°transition states) between MP2 and DFT methods. These workers suggest that DFT incorrectly overestimates the stability of planar species, leading to changes in barrier heights. For our purposes, what is most important is a good description of molecular geometry of the lowest energy stationary point for these three molecules. As will be seen (section V), these geometries can be used to model the Franck-Condon states of ligands involved in MLCT transitions. Since the rotational potential energy surface for these molecules is determined by a convolution of energetic factors such as destabilizing sterics and stabilizing conjugation, overestimation of the stability of the planar species not only serves to change barrier heights but also changes the absolute geometry of the ground-state stationary point. Thus, DFT methods predict values of the dihedral angle θ for biphenyl that are too small (θ ) 39°B-LYP/6-31G(d) versus θ ) 46°MP2/6-31G(d)). In agreement with this result, we have obtained a B-LYP/6-31G(d) geometry for 4-(o-tolyl)-pyridine that shows a smaller dihedral angle (θ ) 52.3°( average)) than in the MP2/6-31G(d) geometry where θ ) 59.6° (  Table 3) . With these issues in mind, we feel that the MP2/6-31G(d) ground-state geometries obtained for these three molecules (Tables 2-4 ) are accurate and, therefore, appropriate for describing the corresponding anion Franck-Condon states (vide infra).
III. Single-Crystal X-ray Structures: Experimental Values for the Ground-State Ligand Twist Angles (θ). To get a sense of the agreement between X-ray structures and calculations, we determined the single-crystal X-ray structures of the three ligands we are modeling, namely, dpb, dotb, and dmesb. Crystallographic details for all three structures are given in Table  1 , with pertinent bond distances and dihedral angles (θ) listed in Table 5 . ORTEP drawings of the compounds are shown in Figures 1, 2 , and 3 for dpb, dotb, and dmesb, respectively. All three molecules crystallize in monoclinic space groups. Each compound lies on an inversion center that bisects the C-C bond at the 2 and 2′ positions of the pyridyl rings, thus making the two halves of the molecule identical by symmetry. Although the inversion symmetry is crystallographically imposed, it does serve to further validate our approximation of considering only one pyridyl fragment of the molecule for the computational analysis.
Bond distances within both the pyridyl and aryl fragments are largely unremarkable: C-C double-bond distances are virtually identical at ca. 1.39(1) Å for all three compounds, as are the C-N bonds (average ) 1.340(5) Å). In addition, the C-C single bonds (e.g., C(1)-C(1*) and aryl-methyl linkages) are also very similar for the three structures. The C(3)-C(6) bond linking the pyridyl and aryl fragments shows a slight contraction from 1.495(2) Å (dpb) to 1.488(2) (dotb) and 1.485(4) Å (dmesb). This trend, although not pronounced, is 
a NIMAG ) number of imaginary frequencies.
b θ refers to the twist angle between the aryl and pyridyl rings. c C-C refers to the carboncarbon bond distance between the aryl and pyridyl rings. d ∆E refers to the energetic cost of achieving the transition-state structure from the optimized structure.
likely a consequence of reduced steric interactions due to the increase in dihedral angle on going from dpb to dmesb (vide infra). There are no other obvious trends noted except for nearly uniformly larger bond distances for the dotb structure. However, this corresponds to only 0.01 Å at its maximum and is not considered to be very significant. Internal bond angles (available in Supporting Information) exhibit no significant trends and are consistent with expectations. In general, the bond distances and angles obtained from the X-ray structure determinations compare favorably with those determined from the highest level calculations described above. Focusing solely on the C(3)-C(6) pyridyl-phenyl bond, we find for 4-phenylpyridine calculated values of 1.477 Å (MP2/6-31G(d)), compared to the experimental value of 1.495(5) Å. We expect that the larger experimental bond length is related to the nearly coplanar geometry adopted by the ligand in the crystalline form. As will be discussed, packing forces in the crystal favor planarity at the expense of steric interactions between protons ortho to this bond. As a result, the phenyl and pyridyl rings separate slightly to reduce unfavorable steric interactions. The agreement is better for the monomethyl-and dimethyl-substituted phenyl compounds. For the former, calculated values of 1.481 Å (MP2/ 6-31G(d)) agree well with the experimentally determined distance of 1.488(2) Å. The MP2/6-31G(d) value of 1.484 Å for 4-(2,6-dimethylphenyl)pyridine is nearly identical to the observed value of 1.485(4) Å for 4,4′-dimesityl-2,2′-bipyridine.
For our purposes, the most interesting aspect of the structures of these compounds is the dihedral angle between the pyridyl and aryl rings; these are also listed in Table 5 . It is observed that the systematic inclusion of methyl groups on the aryl substituent serves to increase this angle, consistent with what was anticipated from our calculations. The most striking agreement occurs for dmesb, with the experimental value of 89.1°lying within 1°of the value of 90°predicted by all of the methods and basis sets described above. Closest contacts between the aryl and pyridyl fragments occur at the positions ortho to the C(3)-C(6) bond, with an observed H---H distance 1.500(4) C(7)-C(12)
1.515 (4) dihedral angle 9.60°51.05°89.14°F igure 1. ORTEP representation of 4,4′-diphenyl-2,2′-bipyridine (dpb) from a single-crystal X-ray structure determination. See Table 1 and  Table 5 for crystallographic and structural details, respectively. Table  1 and Table 5 for crystallographic and structural details, respectively. Table  1 and Table 5 for crystallographic and structural details, respectively. of 2.90 Å. An examination of the packing diagram for dmesb did not reveal any significant intermolecular interactions. This is no doubt a factor contributing to the remarkable agreement between the X-ray structure and a calculation of what amounts to the compound's structure in the gas phase.
In the case of dotb, the agreement between the calculated and crystallographically determined dihedral angle is still quite good, although a slight difference is observed. The experimental angle of 51.05°is approximately 8°smaller than the 59.6°angle obtained from the MP2/6-31G(d) calculation. Intramolecular contacts are somewhat more significant in the case of the dotb structure: ortho H---H and C---H distances of 2.58 and 2.84 Å were found, respectively, compared to 2.49 and 3.01 Å for the corresponding distances from the calculation. Although no significant intermolecular interactions were noted in the packing diagram, it is reasonable to assume that packing forces are at least partly responsible for the discrepancy between the experimental and calculated values.
The poorest agreement between theory and experiment occurs in the case of the unmethylated dpb. While the gas-phase calculation predicts a dihedral angle of ca. 45°, representing a balance between steric and electronic factors, the X-ray structure reveals an almost coplanar structure with θ ) 9.6°. A very short ortho H---H distance of 2.07 Å is observed, compared to a distance of 2.48 Å derived from the MP2/6-31G(d) calculation. Since the calculation is carried out in the absence of intermolecular interactions, we believe that the marked deviation seen in the case of dpb arises due to packing forces in the lattice. An examination of the packing diagram for dpb reveals a herringbone-type motif common for biphenyl complexes, an arrangement that provides for facile intermolecular interactions. This agrees with the literature concerning the crystallographic packing of biphenyl and related compounds. 23 The favorable energetic effect of these intermolecular interactions are apparently sufficient to overcome the unfavorable intramolecular steric factors, thereby leading to a smaller dihedral angle than that predicted by the calculations. However, these results for dpb notwithstanding, we find that the singlecrystal X-ray structures of dpb, dotb, and dmesb are in reasonable agreement with the calculations.
IV. Ground-State Anion Calculations: Establishing the Degree of Planarity/Delocalization for Reduced Model Ligands. As was previously discussed, spectroscopic evidence suggests that the ligand electronic structure of the 3 MLCT excited state of [Ru(dpb) 3 ](PF 6 ) 2 is best described as delocalized between the bipyridine and its substituent phenyl rings. 7 In addition, this delocalization is attenuated as steric bulk is introduced into ortho positions on the aryl substituents of the ligands. We have used ab initio and DFT calculations to explore how the geometry and electronic structure of singly reduced ligands change with the stepwise increase in steric hindrance to planarity.
Before proceeding, it is worth discussing the choice of theoretical methods used. Since we are interested in the singly reduced forms of these model ligands, we are dealing with openshell systems that have a doublet spin state. Our first choice was unrestricted Hartree-Fock (UHF) methods, which in general yield useful molecular orbital information. However, as is evident from the values of 〈S 2 〉 given in Tables 6-9 , there is severe spin contamination of the doublet state with higher lying quartet states for each UHF calculation that was carried out. The quantity 〈S 2 〉 is the eigenvalue for the total spin operator:
For a pure doublet, 〈S 2 〉 ) 0.7500, whereas for the UHF calculations 〈S 2 〉 is as large as 1.3. We include these calculations here for two reasons. First, their predictions of the geometrical properties of these model ligands are consistent with other, less spin-contaminated methods. Second, the UHF methods appear to reasonably describe relative energies of Franck-Condonstate relaxation for the model ligands discussed in section V. Because of the spin contamination, however, other methods were needed to check the qualitative conclusions from the UHF calculations. Unrestricted DFT calculations using two different functionals (SVWN 11 and B-LYP 12 ) were used and in each case show very little spin contamination. Information from these calculations is discussed in comparison to the spin-contaminated Hartree-Fock results. Finally, restricted open-shell HartreeFock (ROHF) and in some cases restricted open-shell MP2 (ROMP2) calculations were done. These allow a comparison of results obtained with DFT and Hartree-Fock methods without the complications associated with spin contamination. Table 6 shows the energies and inter-ring dihedral angles of the singly reduced forms of the three ligands with each of the methods and basis sets used. Also included is the optimized inter-ring C-C bond distance in order to illustrate geometric differences arising from the individual theoretical methods. These calculations are all geometry optimizations with no constraints on the central dihedral angle. For each method/ basis-set combination used, the geometry of [4-phenylpyridine] -has the two rings coplanar (θ ) 0°), in contrast to the θ ∼ 44°s een for the neutral species. To illustrate the origin of this planarity, we can invoke a resonance picture often used in the context of reduced biphenyl in which there is double-bond character between the two ring systems: 18 Comparing inter-ring bond distances calculated with HartreeFock methods shows a significant shortening of the central C-C bond upon reduction, which is consistent with the above picture. For example, the RHF/6-31G(d) optimized geometry predicts 1.490 Å for 4-phenylpyridine, whereas the UHF/6-31+G(d) optimized geometry of the corresponding monoanion predicts 1.419 Å. Figure 4 (left) shows an orbital picture generated for the singly occupied highest molecular orbital (SOMO) of [4-phenylpyridine] -calculated at the UHF/6-31G(d) level. 24 We note the similarity to the resonance picture shown above with central and alternating π-bond character and significant orbital coefficients at the terminal nitrogen and carbon atoms.
With the introduction of a methyl group as in [4-(o-tolyl)-pyridine] -the ability to achieve a fully coplanar structure is energetically unfavorable. Table 6 indicates that the lowest energy geometry for the anion is one in which θ ∼ 25°. There is some variation in the predicted angle depending on the basis set used. For example, calculations using the 3-21+G(d) basis set show a slightly larger angle (θ ∼ 32°). In addition, within a given basis set there is also some variation in angle depending on the method that was used. The B-LYP functional consistently predicts the largest angle, while UHF methods predict the smallest. Nevertheless, the calculated angles agree within 4°for each basis set used. While delocalization is expected to
be attenuated due to the nonzero dihedral angle, there is clearly a driving force in the anion for achieving a more planar overall structure relative to the θ ∼ 66°geometry in the neutral. 
For these stationary points, the analytic Hessian was calculated and diagonalized and the number of imaginary frequencies equals zero. b Convergence was not achieved in these calculations. (Table 6 ). This, coupled with a lengthening of the central C-C bond distance as compared to [4-(o-tolyl) pyridine] -and [4-phenylpyridine] -, necessarily represents a significant reduction in the π overlap of the two ring systems. Nevertheless, there is nonzero overlap and, as in the two previous molecules, some driving force for achieving a more conjugated/delocalized geometry for the reduced species despite the unfavorable steric interactions. While calculations on the neutral predict the inter-ring dihedral angle to be θ ) 90°, this angle is significantly smaller (θ ∼ 45°) for the reduced species. Similar to [4-(o-tolyl)pyridine] -, the calculated angle is somewhat dependent on method/basis set used. However, within each basis set there is a less than 6°s pread in calculated values of θ. Again, the 3-21+G(d) basis set predicts higher values, and within a given basis set UB-LYP and ROHF methods predict slightly larger angles than UHF and USVWN methods. As in the previously discussed molecules, there is a calculated shortening of the central C-C bond upon reduction. This, in conjunction with the predicted dihedral angle of θ ∼ 45°, is consistent with the idea that there is at least partial conjugation/delocalization in [4-(2,6-dimethylphenyl)-pyridine] -. The molecular orbital picture generated for the SOMO of this molecule seen in Figure 4 The degree to which conjugation/delocalization is lost upon systematic introduction of steric bulk about the central C-C bond can be gauged by calculating the overlap integral S of two carbon p orbitals as a function of distance r as well as dihedral angle θ between orbitals. The θ dependence of S is governed by a simple cosine relationship:
The overlap integral of two carbon 2p orbitals as a function of r is somewhat more complicated and is given in the following equation: 25 Here, Z* is the effective atomic number approximated as 5.70 for carbon, n is the principle quantum number of carbon, and a o is the Bohr radius. Combining these two equations yields A plot of this overlap for a selected region of r and θ is shown in Figure 5 . We can use this equation to determine how much S is attenuated across this series as steric bulk is added. Using UMP2/6-31G(d) values for r and θ (Table 5) , we calculate a 13% attenuation of S for the first methyl substitution and a 28% attenuation with an additional methyl substitution.
V. Franck-Condon-and Ground-State Anion Calculations: Estimating the Energetics of Excited-State Evolution. Research efforts in our group focus on the study of the primary processes of excited-state relaxation in transition metal complexes. We discussed above how steric interactions modulate the degree of delocalization that is allowed in a ligand system following reduction, calculations designed to provide insight into the geometric and electronic structure of reduced ligands in long-lived 3 MLCT states. We now address the question of how these states are formed in the initial stages of excited-state evolution following charge transfer from the metal. As was seen in the previous section, our calculations suggest that each of these ligands undergoes substantial geometric changes upon reduction, including a ∼40°change in the inter-ring dihedral angle θ as well as a significant shortening of the central interring C-C bond. These results have significant implications for understanding the Franck-Condon evolution of MLCT states involving the dpb, dotb, and dmesb ligands. If we assume that MLCT transitions are vertical ones, then the ligand which is reduced initially has the geometry of the neutral (i.e., strongly canted). It then must relax to a more planar delocalized structure in the course of excited-state thermalization. We have estimated the energetics of this relaxation process by calculating ∆E θ , the difference in energy between the reduced ligand in the geometry of the neutral (the Franck-Condon state) and the reduced ligand in a fully relaxed geometry. This is illustrated in the following schematic:
Reported here are the energetics of relaxation (∆E θ ) of the three model ligands as a function of both basis set as well as theoretical method. UHF methods were the starting point for this study, but due to spin contamination, other methods were attempted. The unrestricted DFT calculations show very little spin contamination for the doublet states considered here, and ROHF calculations remove this contamination altogether. Methods including treatment of electron correlation (DFT, MP2, and ROMP2) allow us to consider how correlation affects ∆E θ . It is necessary at this point to discuss the methodology used for choosing the fixed geometry for the anion Franck-Condon state as well as the fixed geometry of the anion ground state for each of these molecules. As was discussed in section II, it is important to use correlated (non-DFT) methods for determining accurate geometries of systems where there is partial conjugation or loss of partial conjugation. Consequently, the fixed geometry of the Franck-Condon state for each of these three molecules was chosen from the MP2/6-31G(d) optimiza- 
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tion of the corresponding ground-state neutral (Tables 2-4) . The geometry used to describe the anion ground state for each of these molecules was also determined with correlated methods: in each case it is taken from the UMP2/6-31G(d) optimization of the corresponding anion. In this way, the method used to determine the Franck-Condon-state geometry and the ground-state geometry are consistent. It was of some concern that it might be more appropriate to use diffuse functions in the optimization of the anion ground-state geometry to be used for each molecule. Unfortunately, UMP2/6-31+G- (Table 6 ) but still appear to be insignificant. Finally, we need to address a concern about the method that was used to determine the geometry of the anion ground state for each of these molecules, specifically, in regards to the spin contamination seen in these UMP2/6-31G(d) optimizations. From Table 6 and an independent determination of ∆E θ for [4-(o-tolyl)pyridine] -using DFT determined geometries (vide supra), we do not believe that slight admixture of higher lying quartet states is significantly changing the anion ground-state geometry for these three molecules. Table 7 shows the Franck-Condon relaxation energetics for [4-phenylpyridine] -. In this system, the molecule relaxes from a state in which the inter-ring dihedral angle θ is 44.6°to one in which this angle θ is 0°. These data show several interesting trends. The first of these is that methods that take into account electron correlation effects generally calculate a smaller energy of relaxation (by several kcal/mol) than those methods that do not. The only exception to this trend is the spin-contaminated MP2/6-31+G(d) result. It is difficult to say at this point whether correlation effects are serving to stabilize the energy of the more canted Franck-Condon state, destabilize the energy of the more coplanar ground state, or both. We note here the success of the spin-contaminated UHF calculations in determining values of ∆E θ : these calculations agree reasonably with ROHF methods. It appears that in this case the error in the calculation of the absolute energy of these states is fortuitously subtracted away in the determination of ∆E θ . The second trend worth noting is the subtle dependence of ∆E θ on the inclusion of diffuse functions. For both 3-21G(d) and 6-31G(d) basis sets, addition of diffuse functions serves to lower the calculated value of ∆E θ for all methods used. Again it is difficult to assign an absolute explanation for this trend; however, we expect that diffuse functions may play a more prominent role stabilizing the Franck-Condon state where electron delocalization is attenuated by the canted geometry. We note the subtle disagreement between the two DFT methods that were used. The SVWN functional consistently predicts a slightly larger value of ∆E θ than the B-LYP functional. Nonetheless, these two correlated methods always predict a lower value for ∆E θ than the uncorrelated methods. From these calculations, we believe the best estimate for ∆E θ comes from the correlated methods (ROMP2, UB-LYP, and USVWN) with the largest basis set 6-31+G(d) and is therefore on the order of 4-7 kcal/ mol. Table 8 shows the Franck-Condon relaxation energetics for [4-(o-tolyl)pyridine] -. In this system, the molecule relaxes from a state in which the inter-ring dihedral angle θ is 59.6°to one in which this angle θ is 28.6°. Here, the quality of the UHF calculations begins to become somewhat ambiguous as UHF always predicts a significantly larger ∆E θ than the other methods. As seen for [4-phenylpyridine] -, there is a decrease in the predicted value of ∆E θ when diffuse functions are included. Again, we suspect that this is because the severely canted Franck-Condon-state anions are stabilized preferentially with respect to the less canted and more delocalized anion ground states. Also as seen for [4-phenylpyridine] -, there is some discrepancy between the two DFT methods, with UB-LYP always predicting a lower ∆E θ than USVWN. We note that for all basis sets there is excellent agreement between the uncorrelated ROHF method and the correlated USVWN method. For the 6-31+G(d) basis set, there is also good agreement between the uncorrelated ROHF method and the correlated ROMP2 method. From calculations with these several methods, the predicted value of ∆E θ for [4-(o-tolyl)pyridine] -lies between 4 and 7 kcal/mol, remarkably similar to that seen for [4-phenylpyridine] -.
As was discussed, there was some concern about using a spincontaminated calculation (UMP2/6-31G(d)) to determine the geometry used for the anion ground state in these calculations of ∆E θ . To address these concerns, ∆E θ was determined independently in the present case using B-LYP methods, which show very little spin contamination when applied to these doublet anions (Tables 7-9 ). The geometry and energy of the anion ground state were taken from the UB-LYP/6-31G(d) optimization (Table 6 : θ ) 26.7°(average), C-C ) 1.455 Å, -518.404 664 hartrees, 〈S 2 〉 ) 0.7534). The geometry used for the Franck-Condon state was determined with a B-LYP/6-31G-(d) optimization of the neutral, yielding a structure with θ ) 52.305°(average) and C-C ) 1.498 Å. The corresponding Franck-Condon-state anion calculation (UB-LYP/6-31G(d)) yields an energy of -518.393 522 hartrees with 〈S 2 〉 ) 0.7521. The calculated ∆E θ is therefore 6.992 kcal/mol, in excellent agreement with the ∆E θ ) 6.408 kcal/mol determined with the UB-LYP/6-31G(d) method (Table 8 ) which used a geometry determined with a spin-contaminated method. Based on this result, we believe that spin contamination, as it applies to the ground-state anion geometry, is not a significant factor in the present analysis. Table 9 shows the energetics of Franck-Condon-state relaxation for the last molecule in the series, [4-(2,6-dimethylphenyl)pyridine] -. In this system, the molecule relaxes from a state in which the inter-ring dihedral angle θ is 90°to one in which this angle θ is 42.6°. We note the reasonable agreement between the UHF, ROHF, and ROMP2 calculations of ∆E θ , but treat it with some suspicion. In [4-phenylpyridine] -, error due to spin contamination may have fortuitously subtracted away in the calculation of ∆E θ (vide supra); however, we do not expect this to occur here. Spin contamination of the 90°F ranck-Condon state is relatively small (〈S 2 〉 ∼ 0.8) compared to the anion ground state (〈S 2 〉 ∼ 1.3). Had spin contamination of the 90°Franck-Condon state been higher, we might expect to see a divergence between UHF and other methods as was seen in [4-(o-tolyl) pyridine] -. It is seen in Table 9 that there is an absence of DFT calculations of ∆E θ . While it is reasonable to calculate the energies of the anion ground state with these methods, it proved difficult to obtain energies of the θ ) 90°F ranck-Condon state. It is not clear to us at this time why these methods have trouble when the two ring π systems are orthogonal. Our working assumption is that the extra electron hops between rings, resulting in an unfavorable oscillation of the energy. The remaining methods for predicting ∆E θ are ROHF and ROMP2. These show a strong basis set dependence, in agreement with the previous two molecules, where the addition of diffuse functions serves to lower the calculated value of ∆E θ . In this molecule, where the Franck-Condon state is severely canted (θ ) 90°), the effect of diffuse functions is the most pronounced. Here, in contrast to the previous two molecules, the correlated method (ROMP2) predicts a slightly larger ∆E θ than the uncorrelated one (ROHF). In the previous two molecules there was reasonable agreement between the ROMP2/6-31+G(d), USVWN/6-31+G(d), and UB-LYP /6-31+G(d) calculations of ∆E θ . We therefore take the ROMP2 
Concluding Comments
There are two principal conclusions to be drawn directly from the calculations on aryl-substituted pyridines described above. The first is that one-electron reduction of these ligands results in significant changes in geometry with regard to bond distances and, in particular, the torsional angle between the pyridyl and phenyl rings. Specifically, in all three cases the reduced ligand exhibits a strong preference for a more planar structure relative to the neutral species. Second, the effective driving force for reorganization from the neutral "Franck-Condon" geometry to the fully relaxed anion is approximately the same as the steric bulk of the aryl substituent is increased. Although these ligands represent simplified models of the Ru II bipyridyl complexes that are our primary interest, we believe that we can use the information gleaned through these calculations in at least a qualitative if not semiquantitative fashion for developing a physical picture of the events that characterize the dynamics of MLCT excited-state evolution in the corresponding arylsubstituted bipyridyl complexes. In this context, these calculations provide us with a detailed model for how to think about the evolution of both geometric structure and the wave function itself, as well as possible relative rates of Franck-Condon-state relaxation following photoexcitation in complexes containing these ligands.
The most obvious difference between the Franck-Condon state and the fully relaxed anion is the change in the angle between the pyridyl and aryl rings. Based on this, we expect that excited-state thermalization following photoexcitation will be characterized in all three cases (i.e., dpb, dotb, and dmesb complexes) by rotation of the peripheral aryl rings of ca. 40°. This represents a significant change in molecular geometry and underscores the vibronic nature of the initial stages of excitedstate relaxation in these compounds: the evolution of the wave function is intimately dependent on this change in geometry taking place (vide infra). It is widely accepted that vibronic coupling in the ground-state recovery process in Ru-bipyridyl complexes (i.e., 3 MLCT f 1 A 1 relaxation) occurs primarily through the aromatic C-C stretches of the bipyridyl rings. 26 In the case of the dpb, dotb, and dmesb complexes, FranckCondon-state evolution is clearly going to be strongly influenced by the inter-ring torsional mode. Although it is not possible to identify such a low-frequency mode in the structured emission spectra of these compounds, 27 these results suggest coupling to different nuclear coordinates for the 1 MLCT f 3 MLCT and 3 MLCT f 1 A 1 relaxation processes. These observations thus give an indication of the potentially complex nature of wave packet motion on the excited-state potential energy surface of these complexes in terms of coupling to multiple modes in the course of excited-state relaxation. These results also provide important new insights into the details of the initial stages of the excited-state evolution of this class of molecules, in that it represents a case in which the vibronic nature of the potential surface can be defined from the moment of photon absorption through recovery of the ground state. Our results also tie into other studies such as those by Miller 28 and McLendon, 29 in which torsional modes have been implicated as playing an important role in electron-transfer reactions.
It has been shown both from the calculations presented here and from our previous study that the extent to which coplanarity of the phenyl and pyridyl fragments can be achieved in these systems is determined largely by steric factors. This provided a means for controlling intraligand electron delocalization through synthetic means as demonstrated in our earlier work. 7 As mentioned above, the bipyridyl complexes represent a situation in which electronic relaxation (i.e., intraligand electron delocalization) is intimately coupled with structural reorganization, and vice versa. The time scale for formation of the 3 MLCT state in these systems is on the order of 100 fs, 30 placing it on the same approximate time scale as the inertial response of many common solvents such as CH 3 CN. It seems reasonable, then, to expect that intermolecular sterics such as dielectric friction from the surrounding solvent will play an important role in dictating relaxation dynamics for the 1 MLCT f 3 MLCT Franck-Condon-state evolution in these compounds. One can even think of taking this notion a step further and attempt to exploit such solvent-solute interactions to examine the interplay between electronic and geometric factors in the course of excited-state relaxation.
Our calculations also point toward an intriguing notion concerning the evolution of the wave function itself. This can be gleaned from a comparison of the distribution of the single transferred electron (i.e., the MLCT-state electron in the π* system) within the ligands in the Franck-Condon state with its distribution following electronic and structural relaxation. This electron density can be gauged by the SOMO of each system in its Franck-Condon and fully relaxed state. The fully relaxed anions have been previously discussed and are illustrated in Figure 4 ; the corresponding orbitals from the Franck-Condon states of all three ligands are shown in Figure 6 . 31 For the purposes of this discussion, we shall focus only on the 4-(2,6-dimethylphenyl)pyridine case, which shows the most dramatic effect: this is illustrated in Figure 7 . 32 The important point to note is the amplitude of the wave function on the peripheral aryl ring relative to that on the pyridyl ring. Following photoexcitation (i.e., reduction) but prior to excited-state relaxation, nearly all of the electron density associated with the extra electron is localized on the pyridyl ring. Now, as the system begins to move away from the Franck-Condon region in the course of excited-state thermalization (i.e., rotation through θ toward ∼ 45°), the orthogonality between the two rings is broken and overlap between the π systems begins to increase as a function of time. As this occurs, electron density flows out of the pyridyl ring and onto the aryl substituent. This shift in electron density concomitant with ring rotation should have an experimentally observable effect on the spectroscopic properties of the system. For example, femtosecond timeresolved infrared spectroscopy could reveal the dynamics of this process by probing changes in ring vibrations as a function of time. In an approximate sense, our model would predict that, at t ) 0, two sets of bands would be observed: one at low frequency corresponding to the highly reduced pyridyl fragment, the other to the relatively unperturbed aryl substituent. As the system evolves in time, these two bands should move toward each other in frequency as the electron density partially shifts to the aryl ring. Other spectroscopic features, such as absorption cross sections, are also likely to be affected. The net result is a series of experiments that will allow us to observe in real time the onset of this extended intraligand electron delocalization. We believe this is a very exciting prospect, made possible due to the unique vibronic nature of the present system. Experiments along these lines are currently under way.
Finally, the Franck-Condon-state relaxation (∆E θ ) described above yields effective potential energy surfaces for excited-state thermalization that we can use to predict the relative rates of 1 MLCT f 3 MLCT relaxation across this series of compounds. Assuming that the energy difference between the FranckCondon state and fully relaxed anion is representative of the free energy for the relaxation process, the value of ca. 5 kcal/ mol that was obtained for all three ligands suggests that the time scale for ring rotation will be approximately the same for dpb, dotb, and dmesb complexes. This is a somewhat counterintuitive prediction, in that one might have expected that the more sterically encumbered system (i.e., 4-(2,6-dimethylphenyl)-pyridine) would have a much smaller driving force for achieving a more planar configuration relative to, for example, the fully relaxed [4-phenylpyridine] -. However, our calculations suggest that the steepness of the free energy surface for the 1 MLCT f 3 MLCT relaxation process is quite comparable for all three cases. Of course, other factors will need to be considered in order to interpret results from femtosecond time scale experiments, but these calculations have given us a useful working model for understanding the ultrafast dynamics of MLCT excited states in this class of compounds. 
